Abstract
Introduction

1
Grape is one of the most valuable fruit crops and is annually produced from 7.9 million ha 2 globally (Faostat 2018). While most is processed into wine, a significant proportion (~ 30%) 3 is also destined for fresh consumption (table grape) , dried into raisins, or processed into juice. 4 However, ~ 90% of grape produced from ~ 14,000 ha in Korea is consumed as table grape 5 (http://www.krei.re.kr/). Seedlessness is one of the most prized traits of table or raisin grape.
6
Most of the seedless table grape cultivars with known pedigrees are derived from the 7 stenospermocarpic variety Sultanina, also known as Sultanine or Thompson Seedless (Stout 8 1936; Bouquet and Danglot 1996) . The most widely accepted hypothesis proposed for the 9 inheritance of Sultanina-derived stenospermocarpic seedlessness is that the expression of 10 three independently inherited recessive genes is controlled by a dominant regulator gene 11 (Bouquet and Danglot 1996) . Molecular markers tightly linked to the major dominant locus 12 have been subsequently found and the locus was later named seed development inhibitor population-level genomics study of grape has investigated the domestication history of grape 16 using genome resequencing data from nine sylvestris and 18 vinifera individuals (Zhou et al. 17 2017). However, comprehensive genome resequencing data at an average depth of ~15.5× 18 have only recently been used to investigate the population genomics of grapes to explore 19 grape features other than domestication during the course of this study (Liang et al. 2019 ).
20
With an interest in elucidating seedless mechanisms in grape using genome-wide 21 variation data, we have sequenced a diverse group of grape accessions (Hur et al. 2019 ). In 22 this study, we report analyses of high-depth resequencing data from 14 seeded, 17 seedless, 23 and two wild grape genomes sequenced to a mean depth > 37. Such depth is likely sufficient 24 5 for calling heterozygous genotypes (Ajay et al. 2011) . In particular, because many Vitis 1 hybrid cultivars have been generated for various purposes such as disease resistance, 2 environmental adaptation, and flavors and are already cultivated, we obtained resequencing 3 data from several cultivars generated from crosses between V. vinifera and its wild relative 4 species such as Vitis labrusca L. However, the high diversity of our sequenced grape 5 accession required a modification of the recommended popular variant calling pipeline. Data 6 were first used to examine evolutionary relationships between seeded and seedless grapes and 7 determine patterns of population structure and the decay of LD in the seeded and seedless 8 grapes. We then used variation data to understand patterns of nucleotide diversity and LD 9 surrounding the SDI locus and identify the minor recessive loci underlying seedlessness. The 10 results of this study will be of great value both to grape breeders who are striving to more 11 effectively harness haplotype variation at seedless-regulating loci to develop superior 12 seedless grape cultivars and to genome researchers in general. 13 
14
Materials and methods
15
Sample preparation and sequencing 16 We collected leaf tissues from a total of 27 individuals consisting of nine seeded, 16 seedless, 17 and two wild grape accessions. Of these, 26 were selected from a grape collection grown in 18 an experimental field of the National Institute of Horticultural and Herbal Science, Wanju,
19
Korea while one accession, Rizamat Gs, was selected from a nursery at Gyeongsan, Korea for output files from the above-described IndelRealigner step of GATK with the following 4 options: bcftools mpileup -Ou -a FORMAT/AD, FORMAT/DP; bcftools call -Ov -mv -f GQ.
5
VariantAnnotator function of GATK (v. 3.8-0) was used to add the following additional 10 We validated candidate SNPs and indels called from genome resequencing data by Sanger sets were designed to amplify sequences in the genomic region of these genes (Table S1 ). In Neighbor-joining trees were generated using p-distance measurement, pairwise deletion were down-weighted.
Validation of variants
13
Seeded and seedless traits were encoded as binary traits of 1 (control) and 2 (case), 
Results
21
Variant calling 22 We analyzed resequencing data collected from a total of 33 grape accessions consisting of 13 hybrids and wild relatives than those from V. vinifera ( Figure S1a ). This stands in through GenotypeGVCFs. In results, when we examined distribution of depth of coverage
10
(DP) values from our grape accessions in raw SNP calling data obtained through 11 GenotypeGVCFs, we found that hybrid and wild relative species contained significantly 12 higher levels (several fold higher) of < 15 DP values than V. vinifera (Fig. 1b) . Thus, for in raw SNP calling data obtained through UnifiedGenotyper were similar among V. vinifera, 16 hybrids, and wild relative species (Fig. 1c) . Moreover, the numbers of SNPs from hybrids and 17 wild relative species were higher than those from V. vinifera ( Figure S1b and Figure S2b) 
). In the case of Cannonau, this might occur due to its lowest mapping depth. For the two 1 wild relatives, it might reflect some chromosomal regions that were too diverse for short 2 reads to map properly. 
). These three groups corresponded well with pedigree information (Fig. 2a) ( Fig. 2b and Figure S5 ).
24
The genetic population structure and relationships among these 34 grape accessions accessions could be largely divided into three subclades (Fig. 3a) . Group I contained only V. pedigree. It is notable that a tree constructed from SNP data without MAF filtration had much 13 longer branch lengths for the two wild relative species than those in the tree with MAF 14 filtration ( Figure S6 ).
15
To estimate the LD patterns in different V. vinifera and interspecific hybrid groups, we 
22
Although seeded and seedless grape accessions were intermixed within these two clearly 23 separated subgroups in the phylogenetic tree constructed using genome-wide SNPs, seedless-24 regulating chromosomal regions might be confined within the diverse genetic background. To 1 test this hypothesis, we constructed a tree using 1,744 SNPs from a 100 kb region 2 surrounding the well-characterized SDI locus coding for VviAGL11 (Fig. 3b) ( Figure S8 ), we were able to sequence several haplotypes of the full-length VviAGL11 gene (Table S6) . Of the 1,220 SNPs,
14
41 SNPs in 34 genes showed -log10 P values higher than 2.5 from our logistic association 15 (Table S7 ). In their milestone inheritance study, Bouquet and Danglot (1996) (Fig. 5) . Seven SNPs that were predicted to be 2 deleterious using SIFT showed -log10 P values of higher than 2.5 from our logistic 3 association scan (Table S7) showed -log10 P values higher than 2.5 from our logistic association and were non-reference 24 homozygous recessive in less than 10 of 15 seedless accessions. Group III, which was 1 excluded from further consideration, included SNPs that showed -log10 P values of lower 2 than 2.5 from our logistic association test. Based on these criteria, 13 SNPs in four candidate 3 selective sweeps were assigned to group I, whereas 21 SNPs in eight candidate selective 4 sweeps were assigned to group II.
5
Six group I SNPs located within four genes were found at a peak from 4. and Table S7 ). Loss of cPGM in Arabidopsis compromises male and female gametophyte 9 development. Thus, Vitvi01g00455 appears to be a strong candidate gene at this peak for a other genotypes (Fig. 6d) . Only one group I SNP at the Vitvi08g01528 gene model was found 14 at a peak from 17.47 Mb to 28.47 Mb on chromosome 8 (Fig. 6b and Table S7 ).
15
Vitvi08g01528 was annotated as a basic helix-loop-helix transcription factor, a homolog of 16 
Arabidopsis RETARDED GROWTH OF EMBRYO1 (RGE1) (Kondou et al. 2008).
17
Arabidopsis RGE1 functions as a positive regulator in the endosperm at the heart stage of proposed by Bouquet and Danglot (1996) in their milestone inheritance study of seedlessness.
19
As results, we were able to suggest three strong candidate causal genes, namely 
Conflict of interest 8
The authors declare no conflict of interest. Vitvi08g01528 (e), and Vitvi01g01237 (f) genes in their central position, respectively.
13
Percentages higher than 60 based on 1000 bootstrap replicates are shown above branches. 
